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ABSTRACT 
 
The discrete ordinates and finite volume methods used in most fire simulations codes for radiative transfer 
calculations suffer from high computing overheads. A procedure based on two-step iterative method is 
suggested to simplify time-consuming spectral radiative transfer calculations in open flames containing 
scattering particles. At the first step of the problem solution, the P1 approximation is used to calculate the 
divergence of radiative flux, and it is sufficient to determine the flame parameters. The second step of solution 
is necessary to obtain the radiation field outside the flame, and this can be made independently using the ray-
tracing procedure and the transport source function determined at the first step. Such a splitting of the complete 
problem results in much simpler algorithm than those used traditionally. It has been proved in previous papers 
that the combined two-step method is sufficiently accurate in diverse engineering applications, especially in 
the scattering media. At the same time, the computational time decreases in about two orders of magnitude as 
compared with direct methods. An axisymmetric pool fire suppressed by a water spray is considered as the 
case problem in the present paper to analyze the effect of radiation scattering by evaporating water droplets. 
The strong effect of scattering on radiative power field in the flame is obtained computationally for the first 
time. 
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1. INTRODUCTION 
 
The radiative transfer calculations are the most time-consuming in computational fluid dynamics (CFD) 
simulation of fires. Therefore, the use of a simple but sufficiently accurate method for the radiative transfer is 
critically important to improve the computational costs of CFD codes. A numerical analysis of suppression of 
fires by water sprays is possible only with the use of spectral models because the optical properties of water 
droplets cannot be considered on the basis of a gray model. Fortunately, there is no need for a detailed radiation 
field in CFD calculations. Only the integral (over the spectrum) radiative flux divergence is important because 
it is a term in the energy equation. It means that one can consider a differential approach for radiative transfer 
instead of the radiative transfer equation (RTE). The first approximation of the method of spherical harmonics 
(P1) is the simplest method of this type, and there is a very positive long-time experience of using P1 in similar 
multi-dimensional problems [1–5]. As a rule, the P1 cannot give correct values of radiative flux near the open 
flame boundaries and the second step of the combined radiative transfer model is necessary. This can be done 
using the transport approximation [4] and a ray-tracing procedure for the RTE with known source function. 
The present study is focused on applicability of the earlier developed combined two-step method to the flames 
typical of pool fires under their suppression by water sprays, when the radiation scattering by evaporating 
droplets is important. A numerical solution for the conventional axisymmetric flame containing water droplets 
is considered because simplifications in the flame data are not important for the present study. 
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2. COMPUTATIONAL MODEL FOR THE CASE PROBLEM OF POOL FIRE 
 
One should take into account the effects of water sprays on the flow field parameters of the flame in the regular 
developed regime of fire suppression. However, it is not important in the first stage case of a specific procedure 
of fire suppression suggested by the authors in recent papers [6, 7]. This procedure includes a preliminary 
probe stage with a very small flow rate of water. The observations at the probe stage could reveal some details 
of behavior of evaporating water droplets in the flame. Obviously, the effect of a water spray on the fire 
parameters at the short-time probe stage is negligible, and one can consider the motion, heating, and 
evaporation of single water droplets without taking into account any feedback effects. 
 
The fire scenario considered in the present study is based on a 28 cm diameter methane flame above a pool of 
liquid fuel, burning in the open quiescent environment with a heat release rate of 53 kW. The large eddy 
simulation (LES) was carried out using an in-house version of FireFOAM [8], compatible with OpenFOAM 
version 2.2.x. The combustion sub-model used in this code is based on the eddy dissipation concept (EDC) 
proposed by Magnussen et al. [9] for applications of the Reynolds averaged Navier–Stokes equations (RANS) 
extended by Chen et al. [10] for LES. For soot modelling, Chen [11] extended the laminar smoke point soot 
to LES using the partially stirred reactor concept. The radiative transfer equation is solved with the finite 
volume method (FVM), which is open accessible. Gas radiation is treated with the box model approach based 
on the exponential wide band model to calculate the equivalent band absorption coefficient [12, 13]. Note that 
the most accurate numerical results could be obtained using the Monte Carlo simulation as it was done in [14] 
with the computer code developed by Surzhikov [15], but this method is even more time-consuming for regular 
spectral calculations at the moment. 
 
The problem of fire suppression by water sprays is considered here. Therefore, the motion, heating, and 
evaporation of water droplets are also briefly considered in the paper. The radiative power absorbed by droplets 
is neglected because it is much less than the heat supplied by convective heat transfer to the droplets from hot 
combustion gases in the flame. The effect of radiation could be also taken into account in more detailed 
calculations as it was done in recent papers on shielding of fire radiation by water mists [16, 17] and also in 
the problem of a space vehicle shielding from solar radiation by a cloud of sublimating particles [18]. 
 
Fig. 1  The gas temperature field in the model flame. 
 
 
The calculated transient flame is three-dimensional, but deviations of the main parameters from the 
axisymmetric case are not significant. Therefore, we consider similar axisymmetric fields obtained by an 
averaging in a selected axial cross section of the real developing flame at 1t s (see Fig. 1). 
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The non-uniform triangulation of the computational region with 1600 elements is shown in Fig. 2. The smaller 
areas of finite elements were made in the region of more optically dense medium. As usually, the radial 
coordinates of all the nodes were increased by the first radial interval of the mesh to avoid the formal 
difficulties in numerical calculations near the axis [3]. 
 
 
Fig. 2  Finite-element triangulation of the flame computational region. 
 
 
3. MOTION AND EVAPORATION OF WATER DROPLETS IN THE FLAME 
 
The interaction of water sprays with fires has been modeled computationally in many papers during the last 
two decades, but there is no need to discuss here the state-of-the-art in this field because the main focus is on 
the radiative transfer problem. Of course, there is a size distribution of water droplets at the initial cross section 
of the spray. However, it is convenient to obtain solutions for monodisperse droplets with sizes corresponding 
to conventional boundaries of size distribution. The trajectories of single droplets moving along the flame axis 
are considered. The initial problem for the droplet motion is as follows [19, 20]: 
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It is assumed that water droplets are first heated up to the saturation temperature (at sat0 tt  ): 
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and then evaporated according to the following equation (at sattt  ): 
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This is a realistic assumption because of a large molar fraction of water vapor in the flame. A transfer from the 
droplet heating to its evaporation is given by equation   satsatd TtT  . The local relative volume fraction of 
water droplets can be calculated as: 
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The examples of such calculations for the case problem can be found in [6, 7]. The behavior of water droplets 
moving along the parallel lines appeared to be quite different, but in all cases the evaporating droplets of 
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different initial sizes are focused on small local regions. In the case of droplets moving along the axis, their 
initial velocity makes no difference because of a relatively small relaxation time, and the final evaporation of 
these droplets is expected due to absorption of thermal radiation from a relatively hot region shown in Fig. 1. 
On the contrary, the large droplets supplied at 1.00 r  m can penetrate to the hot region and totally evaporate 
during their backward motion at a small distance from this region [7]. It is physically clear that the volume 
fraction of water droplets increases dramatically in the local regions of their collections and total evaporation. 
Strictly speaking, the assumption of independent motion of single droplets may be incorrect in the vicinity of 
these regions. Following [6, 7], this effect is not considered in the present paper. 
 
 
4. OPTICAL PROPERIES OF WATER DROPLETS 
 
The normalized coefficients of absorption and transport scattering (per unit volume fraction of water) for 
independently absorbing and scattering droplets with radius  can be determined as follows: 
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tr
s
tr
s
75.0  (5) 
According to Mie theory [21], the efficiency factors of absorption, aQ , and transport scattering, 
tr
s
Q  depend 
on both the complex index of refraction of water, inm  , and diffraction parameter ax 2 . Following 
[16, 17] the approximate relations suggested in [22] are used in the calculations: 
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The calculated values of 
a
E  and sE  presented in Fig. 3 should be multiplied by the volume fraction of droplets 
to obtain the local values of the spectral absorption and transport scattering coefficients: 
avd
Ef  and 
tr
svtr
Ef . The radiation absorption by water droplets may be significant in the near-infrared absorption 
bands. It contributes to water evaporation and flame suppression. The scattering by small droplets is large over 
the spectrum excluding the absorption band, where the anomalous dispersion takes place. The hypothesis of 
independent scattering does not work in the region of strong evaporation where the distance between the 
neighboring droplets may be comparable with the wavelength. The dependent scattering may lead to 
significant changes in optical properties of the medium [23, 24]. However, this effect is a complex problem of 
physical optics and it is beyond the scope of the present paper. Therefore, the ordinary relations of independent 
scattering by single droplets are used in the estimates. 
 
 
Fig. 3  Absorption and transport scattering coefficients of water droplets. 
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5. TWO-STEP METHOD FOR RADIATIVE TRANSFER CALCULATIONS 
 
The P1 method for radiative transfer can be employed in the CFD flame calculations, whereas a ray-tracing 
procedure for the transport RTE solution can be used at the second step to calculate the radiative flux outside 
the flame. Such an approach will simplify significantly the calculations. Note that the finite-element method 
(FEM) [25] can be used to solve the P1 problem [1, 3]. The FEM is very flexible and applicable for 
computational regions of complex shape. Mathematically, the P1 leads to the nonhomogeneous modified 
Helmholtz equation for the spectral irradiation [3] (the subscript   is hereafter omitted for brevity): 
   FGGD  4       
tr
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where D , 
trtr
   are the coefficients of radiation diffusion and transport extinction,  TI
b
 is the Planck 
function. The Marshak conditions are used to complete the problem. One can proceed to the variational 
formulation of the problem when the solution yields the minimum of the functional [3]: 
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where wT  and w  are respectively the temperature and hemispherical emissivity of boundary surfaces. The 
order of the differential operator in Eq. (7) is reduced by one compared with Eq. (8). As a result, the local 
linear approximations of function G  in triangle finite elements are used. The transport RTE 
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is then solved using a ray-tracing procedure to obtain the radiative flux from the flame. 
 
 
6. EFFECT OF RADIATION SCATTERING BY EVAPORATING WATER DROPLETS 
 
There is no need in complete calculations to estimate the effect of scattering. It is sufficient to consider spectral 
results at the wavelength of 2.4 µm, near the peak of the CO2 absorption band. These spectral calculations 
are representative because of significant contribution of the considered spectral range to the integral flame 
radiation and the expected valuable contribution of radiation scattering by water droplets. The radiation 
absorption by droplets is very small in this range, whereas the normalized transport scattering coefficient 
300trs E cm
-1 at 10a µm and 1000 cm-1 at 5a µm (see Fig. 3). The estimates at realistic value of 
4
v 105
f  give 15.0tr  cm
-1 in the region of 5r cm, 5030  z cm and 5.0tr  cm
-1 in the region of 
155  r cm, 5045  z cm [6, 7]. The fields of the normalized irradiation, G , calculated for the ratio 
 *TFF  where 1000* T K are presented in Fig. 4. According to [14], the emissivity of the fuel pool surface 
was taken equal to 0.6. The boundary of     225.0m 2.335.0m  zr  and a non-uniform triangulation with 
1600 finite elements was used in FEM calculations [7]. The calculations were performed on laptop with 
processor Intel Core i5-6300U@2.40GHz and the time of one calculation appeared to be about one second or 
even less. This is a very important advantage of the present method for multiple calculations of the radiative 
flux divergence in CFD modeling of pool fires as compared with the much more time-consuming calculations 
using the finite volume method employed in the CFD code FireFOAM. A comparison of the P1 and the 
reference FVM computational results is beyond the scope of the present paper and will be a subject of a 
subsequent separate study. As to the calculations of the radiative flux from the flame, this is the second more 
complicated step of the suggested iterative method. However, these calculations can be done separately, after 
the CFD numerical solution. 
 
One can see in Fig. 4 that a dense water mist leads to the strong changes in the irradiation field and increases 
significantly the maximum irradiation value in the flame. To the best of our knowledge, this effect, which may be 
used in optical diagnostics of transient flames at the probe stage of fire suppression, was obtained for the first time. 
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Fig. 4  The normalized spectral irradiation: a – without water droplets, b – with water droplets. 
 
 
7. CONCLUSIONS 
A procedure based on the earlier developed combined two-step method is suggested to simplify time-
consuming spectral radiative transfer calculations in transient pool fires during their suppression using water 
sprays. This can be considered as an important step in improving fire radiation modeling. The calculations for 
real developing flame showed for the first time that the effect of radiation scattering by evaporating water 
droplets on the radiation field in the flame may be significant. This finding should be taken into account in 
further studies of suppression of open flames by water sprays. 
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NOMENCLATURE 
 
a  radius of water droplet                      (µm) 
c  specific heat capacity                     (J/kg/K) 
D  radiation diffusion coefficient           (m-1) 
E  normalized coefficient                       (m-1) 
F  function introduced by Eq. (7) (W/m2/µm/ster) 
v
f  volume fraction of droplets                ( - ) 
G  spectral irradiation                       (W/m2/µm) 
g  acceleration of gravity                      (m/s2) 
Greek symbols 
 ,   absorption and extinction coefficients  (m-1) 
 , ,   parameters introduced by Eq. (6b)     ( - ) 
  dynamic viscosity                                (kg/m/s) 
  index of absorption                                 ( - ) 
  density                                                  (kg/m3) 
  scattering coefficient                             (m-1) 
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I  spectral radiation intensity       (W/m2/µm/ster) 
k  thermal conductivity                       (W/m/K) 
inm     complex index of refraction   ( - ) 
n  index of refraction                              ( - ) 
Q  efficiency factor                                 ( - ) 
r  radial coordinate                                ( m ) 
u  velocity                                              (m/s) 
x  diffraction parameter                          ( - ) 
z  axial coordinate                                  ( m ) 
  functional introduced by Eq. (8)          (W/m/µm) 
Subscripts and superscripts 
a absorption 
b blackbody 
d droplet 
s scattering 
tr transport 
w wall 
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